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Out-of-plane dielectric constant and insulator-superconductor transition in
Bi2Sr2Dy1−xErxCu2O8 single crystals
T Takayanagi, M Kogure and I Terasaki
Department of Applied Physics, Waseda University, Tokyo 169-8555, JAPAN
(Dated: November 17, 2018)
The out-of-plane dielectric constant of the parent insulator of the high-temperature superconduc-
tor Bi2Sr2Dy1−xErxCu2O8 was measured and analysed from 80 to 300 K in the frequency range
of 106-109 Hz. All the samples were found to show a fairly large value of 10-60, implying some
kind of charge inhomogeneity in the CuO2 plane. Considering that the superconducting sample
Bi2Sr2Ca0.75Pr0.25Cu2O8 also shows a similar dielectric constant, the charge inhomogeneity plays
an important role in the insulator-superconductor transition.
I. INTRODUCTION
A cuprate with a nearly undoped CuO2 plane shows
high resistivity and antiferromagnetic order at low tem-
perature, which is called a parent insulator of high-
temperature superconductors (HTSC). With doping, an
insulator-metal transition (IMT) arises, and the system
changes from the parent insulator to HTSC. For IMT,
the dielectric constant ε is of great importance in the
sense that it provides a measure of localisation length in
the insulator. In particular, ε for doped Si divergingly
increases with a critical exponent toward the IMT [1].
Chen et al. first pointed out the importance of ε for the
IMT of HTSC [2]. They found that ε of La2CuO4+δ di-
verged only along the in-plane direction toward the IMT,
and stated that the IMT of HTSC was two-dimensional.
However, their study was done only for La2CuO4+δ, in
which a quasi-static stripe fluctuates in the CuO2 plane
[3]. Since the stripe fluctuation is a kind of charge mod-
ulation and/or a charge disproportion, it might cause
a large dielectric response. Perhaps related to this,
(La,Sr)2CuO4+δ shows structure phase transition [4],
oxygen ordering [5] and phase separation [6], which might
also give a large dielectric response. Thus it is necessary
to study another class of HTSC, which is far away from
the stripe- or lattice-instability.
We think that Bi2Sr2RCu2O8 (Bi-2212) is the best
candidate. This class of HTSC shows no structural
phase transition below 300 K, and is expected to be
away from the stripe instability. (The only exception
is the Zn-doped Bi2212 of Ref.[7].) We should also
note that Bi-2212 has only one equivalent Cu site, un-
like the CuO chain in YBa2Cu3O7. We have studied
the charge transport of the parent insulator of Bi-2212
[8, 9, 10], and have found that their physics is as rich as
the physics of HTSC themselves. In this paper, we report
on measurement and analysis of the dielectric constant
of Bi2Sr2Er1−xDyxCu2O8 single crystals along the out-
of-plane direction.
II. EXPERIMENTAL
Single crystals of Bi-2212 were grown by self-flux
method. The growth conditions and the sample charac-
terisation were described in Ref.[8]. The prepared crys-
tals of Bi2Sr2Dy1−xErxCu2O8 (x=0, 0.3, 0.5, 0.7 and
1.0) were insulating, and the doping levels of the as-
grown crystals were slightly different for different x. An
energy-dispersive x-ray (EDX) analysis revealed that Sr
was slightly excessive, and the content was estimated to
be Bi2.2Sr3.4−yRyCu2O8+δ (within an experimental er-
ror of 10%). The R content y was 1.0 for R=Dy and
0.7 for R=Er. Thus a real composition would be some-
thing like Bi2Sr2DyCu2O8 and Bi2Sr2(Sr0.3Er0.7)Cu2O8
for R= Dy and Er, respectively. Thus a solid solution be-
tween Er and Dy gives Bi2Sr2Dy1−x(Sr0.3Er0.7)xCu2O8,
which enables us to finely tune the doping level from
highly insulating (x=0) to slightly doped level (x=1).
Instead of the real composition, we will call the pre-
pared samples Bi2Sr2Dy1−xErxCu2O8 as a matter of
convenience. For a reference, a superconducting sam-
ple Bi2Sr2Ca0.75Pr0.25Cu2O8 (R=Ca0.75Pr0.25) was also
prepared.
Figure 1(a) shows the temperature dependence of the
out-of-plane resistivity for the measured samples. Re-
flecting that the carrier concentration increases with in-
creasing Er content, the magnitude systematically de-
creases with x. For R=Ca0.75Pr0.25, the superconducting
transition is observed slightly below 80 K.
We estimated the hole concentration per Cu (p) from
the room-temperature thermopower [11], and found p=0,
0.01, 0.015, 0.03, and 0.035 for x=0, 0.3, 0.5, 0.7, and
1.0, respectively. For R=Ca0.75Pr0.25, p was estimated
to be 0.14 (underdoped region). The uncertainty in p
was typically ±0.005 arising from the scattered data in
Ref.[11], within which the estimated p is consistent with
the p estimated from the Hall coefficient.
The complex impedance of the samples in the fre-
quency range of 106-109 Hz was measured with a two-
probe technique using an rf LCR meter (Agilent 4287A)
with a similar technique by Bo¨hmer et al. [12] A low con-
tact resistance was realized by uniformly painting the sil-
ver paste (Dupont 6838) on both sides of the c-plane sur-
face, followed by annealing at 873 K for 30 min. The con-
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FIG. 1: (a) The out-of-plane resistivity of Bi2Sr2RCu2O8
(R=Dy1−xErx and Ca0.75Pr0.25) measured using a two-probe
technique, (b) The two-probe resistance (R2−probe) for a su-
perconducting sample Bi2Sr2Ca0.75Pr0.25Cu2O8, and (c) a
schematic drawing for the complex impedance measurement.
tact resistance was 1-2 Ω, which can be safely neglected
by comparison with the sample resistance (typically 100
Ω). In order to make the sample resistance high, we cut
the sample along the a and b directions as small as possi-
ble. For the most conducting sample of R=Ca0.75Pr0.25,
the dimension was 0.2×0.2×0.05mm3. Figure 1(b) shows
a typical two-probe resistance for R=Ca0.75Pr0.25. Since
the sample is superconducting, the resistivity rapidly de-
creases below 80 K, and the residual resistance is 6.6 Ω
that is the sum of the contact resistance and the probe
resistance (∼ 5Ω). The sample resistance is 280 Ω at 80
K, which indicates the contribution of the contact resis-
tance is less than 1 %.
As schematically shown in figure 1(c), the measured
impedance was understood as a parallel circuit consisting
of a resistance R(ω) and a capacitance C(ω) which can
be dependent on frequency ω = 2πf . Then the complex
impedance Z is written as
Z =
R
1 + iωCR
=
R
1 + (ωCR)2
− i
ωCR2
1 + (ωCR)2
(1)
Since the capacitance is expressed in terms of the dielec-
tric constant ε as C = ε0εA/d, ε is obtained from the
complex impedance as
ε = −
d
ωε0A
ImZ
|Z|2
(2)
where A and d are the area and the distance of the ca-
pacitor, and ε0 is the dielectric constant of vacuum.
III. RESULTS
Figure 2 shows the out-of-plane dielectric constant
(εc). The magnitude of εc reaches a fairly large value
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FIG. 2: The out-of-plane dielectric constants (εc) of
Bi2Sr2RCu2O8 (R=Dy1−xErx and Ca0.75Pr0.25).
of 10-60. Previously we found that the frequency depen-
dence of εc for x = 0 is explained with the Debye model
of dielectric relaxation [13, 14]. Although the relaxation
behaviour may not be clearly seen in figure 2, εc decreases
with increasing frequency. Sekhar et al. [15] measured ε
of the polycrystalline samples of Bi2Sr2RCu2O8 (R=Sm
and Y), and found that ε is as large as 104 at 300 K, and
shows a relaxation behaviour. Lunkenheimer et al. [16]
measured anisotropic dielectric constant of single-crystal
La2CuO4, and found the relaxation behaviour along the
c-axis direction. For other parent insulators, Shi [17]
measured ε of polycrystalline samples of (La,Gd)2CuO4,
and Mazzara et al. [18] measured εc of single-crystal
PrBa2Cu3O7. These materials also show a large ε with a
relaxation behaviour, and we conclude that this is generic
in the parent insulator of HTSC.
It is quite difficult to accurately measure εc for a su-
perconducting sample. An upturn above 107 Hz for
R=Ca0.75Pr0.25 is an artifact due to an inductance con-
tribution from the leads because of the small sample re-
sistivity, and an intrinsic dielectric response is likely to
be independent of frequency. The low-frequency data
is also difficult to measure. Equation (1) requires that
ωCR2 should be in the measurable range of the analyser
(typically larger than 1Ω) but ωCR2 for R=Ca0.75Pr0.25
was too small near 106 Hz. A similar situation happened
in the samples of x=0.7 and 1 below 106 Hz, where we
failed to measure εc.
An important finding is that εc remains positive
even in the superconducting sample of R=Ca0.75Pr0.25.
Kitano et al. [19] reported nearly the same εc of
3Bi2Sr2CaCu2O8 (40 at 100 K at 10 GHz). This implies
no divergence of εc at IMT, as Chen et al. [2] suggested
previously. We further note that the out-of-plane charge
response is not Drude-like, in the sense that ε is negative
below the plasma frequency in the Drude model.
IV. DISCUSSION
Let us discuss the magnitude and the frequency de-
pendence of εc. First, the large εc is not due to phonons
or lattice instability, and should be attributed to an elec-
tronic excitation. Unlike La2CuO4, Bi-2212 is chemically
stable and shows no structure phase transition. Second
the electronic excitation should be in the CuO2 plane.
We measured εc for the layered cobaltate Bi-Sr-Co-O that
has a similar Bi2O2 layer, and found a small εc with es-
sentially no relaxation behaviour [20]. This indicates that
neither the other block layers nor the layered structure
can be an origin for the large εc.
Let us consider the electronic excitation through a sim-
ple Lorentz model written as
ε(ω) = ε∞ +
f
ω20 − ω
2 + iγω
(3)
where f , ω0, γ are the oscillator strength, the resonance
frequency, and the damping rate, respectively. For an
overdamped case γ ≫ ω0, Equation (3) reduces to the
Debye model of dielectric relaxation in the low frequency
limit ω0 ≫ ω as
ε(ω) = ε∞ +
f
ω20
1
1 + iωτ
(4)
where τ = γ/ω20. Accordingly a large ε implies a small
ω0 accompanied by a large f . We can demonstrate that
ε is small for a simple band insulator, where ω0 and f
correspond to the band gap and the Drude weight of the
valence electron. Since these two are of the same order,
the second term of Equation (4) gives of the order of
unity for ω → 0. Note that ε is also small for a Mott
insulator, because the Mott-Hubbard gap is of the same
order as the band gap. In other words, a single-particle
gap is too large to give a large ε.
A collective-excitation gap is most likely to be respon-
sible for a large ε. It is known that the charge-density-
wave (or charge-ordered) materials, such as K0.3MoO3
[21], LuFe2O4 [22], (Pr,Ca)MnO3 [23] exhibit a large ε
with relaxation behaviour, where ω0 is the pinning fre-
quency of the charge density. This implies that a charge
density modulation or a charge fluctuation exists in the
CuO2 plane, which in principle can occur in the doped
antiferromagnet. Unlike the case of a doped semiconduc-
tor, holes in the parent insulator do not distribute uni-
formly. They tend to condense in order that they should
minimise the exchange-energy loss of the antiferromag-
netic background. Prime examples are the charge stripe
[3] and the phase separation [24]. Thus we think that the
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FIG. 3: The out-of-plane dielectric constant and conductiv-
ity Bi2Sr2RCu2O8 at 10 MHz plotted as a function of hole
concentration per Cu (p). The p was estimated by measuring
the room-temperature thermopower.
observed dielectric response is a piece of evidence for the
charge modulation in the parent insulator.
Recent scanning tunnel microscope/spectroscopy has
revealed unexpected inhomogeneous electronic states of
HTSC. Pan et al. [25] found that the local density of
states are inhomogeneous in the CuO2 plane of the op-
timally doped Bi-2212, where the doped carriers form a
metallic patch. Very recently Howald et al. [26] also
found superconducting and non-superconducting phases
(at a nanometer scale) coexist in the CuO2 plane of the
underdoped Bi-2212. This type of charge inhomogeneity
could cause large ε, and is consistent with our observa-
tions.
Next let us discuss the the carrier concentration de-
pendence. In figure 3, εc and the out-of-plane conductiv-
ity σc for a representative frequency of 10
7 Hz at 80 K
are plotted as a function of p. Most importantly, finite
values of εc and σc are observed simultaneously. This
contrasts strikingly with a case of a doped semiconduc-
tor, in which the insulating region is characterised by a
finite ε and σ = 0 [1], whereas the metallic region is
characterised by a finite σ and ε = 0 [27]. The p de-
pendence in figure 3 suggests that the parent insulator is
a mixture of an insulating and metallic phases. The in-
crease of σc with p suggests that carrier-doping makes lo-
cally metallic patches in the insulating background. The
patches cause a large εc by fluctuating its position and a
finite σc through the proximity effects. Then the charge
dynamics can be understood in terms of a percolative
mixture of the insulating and metallic phases. Accord-
ingly the insulator-superconductor transition in Bi-2212
occurs, when the metallic (superconducting) patches are
connected with one another over a whole sample with
proximity effects.
4Now we will consider the anisotropy of ε. Based on the
inhomogeneity scenario, ε is enhanced to be ε∞ + f/ω
2
0
for ω → 0, where f is the Drude weight of the metal-
lic patch that is inversely proportional to the effective
mass. It is therefore expected that εab is larger by the
effective-mass ratio (104) than εc, whereas the frequency
and temperature dependences are nearly identical. This
is what we observed in the preliminary measurements for
εab of R=Dy and Er [14]. In a superconducting sample,
the metallic patches are connected from edge to edge, and
the carriers can move freely along the in-plane direction.
For Bi-2212, carriers near the cold spot (π/2, π/2) dom-
inates the in-plane transport [28], and are little affected
by the inhomogeneity, because the local density of states
is rather homogeneous along the (π/2, π/2) (nodal) direc-
tion [25]. This means that a Drude-like charge response
can occur along the in-plane direction. Then εab changes
with doping from positive to negative across the IMT, at
which the divergence of εab would be seen. On the other
hand, owing to the zero matrix element [29], carriers near
(π/2, π/2) cannot move along the out-of-plane direction,
and consequently cannot screen the inhomogeneity in the
CuO2 plane. This is the reason the dielectric response
along the out-of-plane direction remains unchanged at
IMT.
Finally we will compare our results with those by Chen
et al. [2] At a qualitative level, our observations are
similar to theirs: (1) εc increases with decreasing fre-
quency, and (2) εc does not diverge at IMT. However our
measurement are free from the lattice instability, and in-
cludes the data for a superconductor, from which we have
successfully shown that the items (1)(2) are generic for
HTSC. Another discrepancy is that we understood the
frequency dependence as the dielectric relaxation, while
they employed the variable range hopping. Considering
ǫ of other parent insulators, we think that the relaxation
behaviour is generic. Perhaps this comes from the dif-
ferent temperatures measured. They discussed ε at 4 K,
where the resistivity is also described in terms of variable
range hopping. We found that the resistivity anisotropy
is strongly dependent on temperature [8]. The resistivity
is almost isotropic at 4 K, and the parent insulator be-
haves three-dimensional. On the contrary, the resistivity
is largely anisotropic above 80 K, and in particular the
“confinement” is observed even in the parent insulator.
Thus it would be natural that the frequency dependence
of ε is different between theirs and ours.
V. SUMMARY
We prepared single crystals of Bi2Sr2Dy1−xErxCu2O8,
and measured the out-of-plane dielectric constants in the
temperature range of 80-300 K and in the frequency range
of 106-109 Hz. The dielectric constant of the parent in-
sulator is characterised by the large magnitude and re-
laxation behaviour, which would come from the charge
inhomogeneity recently observed in the scanning tunnel
microscope experiments. The doping dependence of the
dielectric constant and the conductivity suggests that the
charge dynamics is understood as a percolation of the
insulating and metallic phases, and that the insulator-
superconductor transition happens when the metallic
(superconducting) patches are connected with one an-
other over a whole sample.
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